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ABSTRACT
While the velocity fluctuations of supergranulation dominate the spectrum of solar convection at the solar surface, very little is known
about the fluctuations in other physical quantities like temperature or density at supergranulation scale. Using SDO/HMI observations,
we characterize the intensity contrast of solar supergranulation at the solar surface. We identify the positions of ∼104 outflow and
inflow regions at supergranulation scales, from which we construct average flow maps and co-aligned intensity and magnetic field
maps. In the average outflow center, the maximum intensity contrast is (7.8 ± 0.6) × 10−4 (there is no corresponding feature in
the line-of-sight magnetic field). This corresponds to a temperature perturbation of about 1.1 ± 0.1 K, in agreement with previous
studies. We discover an east-west anisotropy, with a slightly deeper intensity minimum east of the outflow center. The evolution is
asymmetric in time: the intensity excess is larger 8 hours before the reference time (the time of maximum outflow), while it has almost
disappeared 8 hours after the reference time. In the average inflow region, the intensity contrast mostly follows the magnetic field
distribution, except for an east-west anisotropic component that dominates 8 hours before the reference time. We suggest that the
east-west anisotropy in the intensity is related to the wave-like properties of supergranulation.
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1. Introduction
Solar granulation is a manifestation of thermal convection; hot
gas rises to the surface, cools, and sinks in the intergranular
lanes. Granular structure is easily observed in white-light inten-
sity images, even though the measured contrast is reduced by,
e.g., stray light (e.g., Sánchez Cuberes et al. 2000). After decon-
volving the intensity images, the contrast is roughly 15% RMS
in the red (Wedemeyer-Böhm & Rouppe van der Voort 2009).
The thermal signature of the larger-scale supergranulation
(see Rieutord & Rincon 2010, for an extensive review), on the
other hand, is hard to measure because it is small compared to
the granulation contrast and competes with the brightness in-
crease due to the network magnetic field, which surrounds the
supergranules (e.g., Liu 1974; Foukal & Fowler 1984). The lat-
ter effect results from reduced opacity in magnetic regions (e.g.,
Spruit 1976).
Using observations from the ground-based PSPT, Goldbaum
et al. (2009) and Rast (2003a) found a brightness excess of
∼0.1% in supergranules, corresponding to a temperature per-
turbation of ∼1 K. To obtain this result, the authors carefully
removed magnetic pixels using Ca ii K images, conducted en-
semble averaging over thousands of supergranules and applied
azimuthal averaging, thus losing spatial and temporal informa-
tion. Meunier et al. (2007) measured a similar (0.8−2.8 K) tem-
perature excess using space-based SOHO/MDI intensity images
and magnetograms (high-resolution mode) in combination with
a magnetic field exclusion that takes into account neighboring
pixels, but with a similar lack of spatial information.
Here we extent the previous studies on the supergranu-
lar brightness excess: How does the convective intensity peak
evolve? Does the intensity contrast show an east-west anisotropy,
as the magnetic field (Langfellner et al. 2015a) or wave travel
times (DeGrave & Jackiewicz 2015)? To tackle these questions,
we make use of high-quality data from the Helioseismic and
Magnetic Imager (HMI) (Schou et al. 2012) onboard the SDO
spacecraft.
2. Observations and data processing
We analyzed about one year of HMI data from May 2010
through May 2011, comprising Dopplergrams, continuum inten-
sity maps, and line-of-sight magnetograms. These observables
are computed from a combination of filtergrams that probe the
Fe i absorption line at 6173 Å (Couvidat et al. 2012).
For all three data products, we tracked the same regions of
size ∼180 × 180 Mm2 at the solar equator for 40 hours. The
tracking rate was chosen to match the rotation rate of the super-
granulation pattern, which is 60 m s−1 faster than the Snodgrass
(1984) rate at the equator (Gizon et al. 2003). The cadence is
45 seconds; successive datacubes are spaced by 24 hours, result-
ing in 365 datacubes of size 40 h×180×180 Mm2. We remapped
the regions using Postel’s projection (we used this projection for
all three data products) and a pixel size of 0.348 Mm.
We divided the datacubes into five temporal segments of
8 hours length each; segment three crosses the central merid-
ian. For each segment, we selected the f modes by applying
the ridge filter described in Langfellner et al. (2015b). We then
computed point-to-annulus wave travel-time differences (Duvall
et al. 1996), which are sensitive to the horizontal divergence of
the flow, with an annulus radius of 10 Mm, using the method of
Gizon & Birch (2004). In these travel-time maps, we identified
the locations of the minima and maxima, corresponding to the
positions of strongest supergranular outflows and inflows in the
horizontal plane (see Langfellner et al. 2015b, for details of the
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identification method). For each segment, we identified roughly
8,000 outflow and inflow centers. Since the different segments
cover the same solar regions and the supergranular lifetime is
roughly one day, using all the five segments corresponds to an
effective number of supergranules that is somewhat below the
total number of 40,000 positions.
Using these coordinates, we co-aligned processed images of
the continuum intensity contrast and the line-of-sight magnetic
field, following the procedure described in Langfellner et al.
(2015b). The intensity datacubes were processed before the co-
alignment in the following way. We divided the tracked and
remapped datacubes into temporal segments in the same man-
ner as the Doppler velocity datacubes described above. The in-
dividual segments were averaged over their respective length of
8 hours. Segments with notable activity (absolute value of inten-
sity contrast > 0.1, see below for definition) or an insufficient
duty cycle (<90% of frames) were excluded from further analy-
sis. As the individual 8-hour datasets (for a given segment) con-
tain independent realizations of supergranules, this exclusion of
some datasets is not an issue. The main effect is a slightly in-
creased noise level (compared to using all datasets) due to the
variability of supergranulation, since there are fewer samples
to average over. For our measurements, this increase of noise
level is less than 14% (in the worst case) compared to using all
datasets.
We then fitted a fourth-degree two-dimensional polynomial
(with x, pointing west, and y, pointing north in the Postel-
projected maps, as the independent variables) to the average
intensity images. This provided the large-scale intensity back-
ground, I0, where spatial variations result from, e.g., limb dark-
ening and unaccounted instrument systematics (Couvidat et al.
accepted). For each pixel, we computed the intensity contrast,
∆I/I0, with ∆I = I− I0. Note that this approach also removes the
effect of the instrument degradation, which led to a decrease in
photon count of about 5% over the total observation period (cf.
Cohen et al. 2015).
For the magnetic field, we averaged over 8 hours in the same
fashion and then computed the absolute magnetic field to avoid
cancellation of opposite polarities in the subsequent processing.
This procedure is the same as in Langfellner et al. (2015a). How-
ever, for the current study we have extended the observation pe-
riod from four months to one year and studied five instead of
three temporal segments of 8 hours. Further subtraction of the
mean magnetic field map for each segment (averaged over all
datacubes) yielded the deviation, ∆B, from the background mag-
netic field strength. Contrary to the intensity, neither the mean
nor the RMS of the line-of-sight magnetic field showed long-
term trends over the observation period (except for increasing
activity due to the solar cycle).
3. Results
3.1. Spatially resolved supergranular intensity contrast
The co-aligned average intensity contrast maps and magne-
tograms are shown in Fig. 1. For the average supergranular out-
flow, the intensity contrast peaks at the center at about 4 × 10−4.
This peak is surrounded by a ring of lower contrast at a radial dis-
tance of about 5 to 10 Mm, corresponding to the outer parts of the
average supergranule. If measured from (east) minimum to max-
imum, the magnitude of the intensity peak is (7.8 ± 0.6) × 10−4
with a FWHM of 7−8 Mm. Further out, the intensity contrast
increases above zero again, forming a second ring. This distance
of 15 to 20 Mm is slightly larger than the distance where the sur-
rounding inflows are located on average (dashed line in Fig. 1,
or see Langfellner et al. 2015b, for more details).
The inner ring of lower contrast shows an east-west
anisotropy; the dip is almost twice as deep in the east compared
to the west. The significance of this anisotropy is greater than 6σ
if an average over 10 pixels (3.5 Mm) is used for the compari-
son. The outer ring of higher contrast appears to be stronger in
the west, but without a high significance (2.5σ if averaging over
the east and west halves of the ring).
A comparison of the intensity contrast with the magnetic
field strength at the same position reveals that the intensity peak
occurs at the minimum of the broad magnetic field dip. The min-
ima of the intensity contrast roughly coincide with the inflection
points of the magnetic field strength, and the outer zero crossings
coincide with the maxima of the magnetic field and the surround-
ing inflows. The east-west anisotropy in the low-contrast region
of the intensity has no obvious correspondence in the magnetic
field. For the latter quantity, we recover the east-west anisotropy
of the network field (Langfellner et al. 2015a), with a higher sig-
nificance (>6σ) than in the previous study (>3σ).
For the average supergranular inflow, the intensity contrast
shows a peak as well, with a magnitude (5 × 10−4) that is com-
parable to the peak in the outflow. However, the peak is shifted
eastward by about 1 Mm (corresponding to about three pixels),
compared to the position of strongest inflow (x = y = 0). At a ra-
dial distance of about 5 to 15 Mm, a strong east-west anisotropy
is visible as an intensity bump in the east, and a dip in the west.
The magnitude of the east-west difference is comparable with the
anisotropy in the outflow. At about 20 Mm, the structure appears
much more isotropic, in the form of a ring of lower intensity.
The magnetic field structure in the average inflow is much
simpler. It features a strong peak (about 5 Gauss) that coincides
with the east-shifted peak of the intensity. Further out, the mag-
netic field structure deviates strongly from the intensity struc-
ture. The peak is surrounded by a broad ring of weaker field
between a radial distance of 10 and 20 Mm. This ring does not
show any apparent anisotropy.
3.2. Evolution of the intensity and the magnetic field
To further characterize the intensity peak in the average super-
granular outflow, we analyzed its temporal evolution. For this
purpose, we used the supergranular outflow and inflow coordi-
nates from a directly preceding or following temporal segment,
yielding the intensity contrast and magnetic field both 8 hours
before and after the reference time. This time span constitutes a
significant fraction of the supergranular lifetime.
As for the previous analysis, we averaged over five temporal
segments for each datacube. In order to provide all the needed
supergranule coordinates in the case of the first and last seg-
ments, we extended the 40-hour datacubes by tracking for an
additional 8 hours before and after. For these two new segments,
we computed the locations of the supergranular outflows and in-
flows in the same way as for the other segments. The results for
averaging the intensity contrast over the five temporal segments
are shown as cuts at y = 0 in Fig. 2. To facilitate the comparison,
the results for the reference time are also plotted.
The evolution of the peak structures is dynamic and asym-
metric. In general, we observe that the intensity and magnetic
field structures differ strongly in the past but converge with time.
The travel times (not shown), in contrast, evolve symmetrically
in time, with the peak magnitudes decreasing by 25% for the
outflows, and 34% for the inflows, both 8 hours before and after
the reference time.
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Fig. 1. Intensity contrast and magnetic
field for the average supergranular out-
flow (left column) and inflow (right col-
umn): Mean over five 8 h segments at
the equator around the central merid-
ian, averaged over one year. Bottom row:
Cuts along y = 0. The thin lines give
the 1σ level of the variability, as com-
puted from dividing one year of data
into eight parts. The coordinates in all
panels are given relative to the position
of strongest horizontal outflow/inflow,
measured with time-distance helioseis-
mology. The x coordinate points west,
and y is north. In all panels, the dashed
circle has a radius of about 14 Mm.
For the outflow, the intensity peak is strongest in the past
(difference between minimum and maximum about 1 × 10−3),
becomes slightly weaker at the reference time and has weak-
ened dramatically 8 hours into the future. The peak intensity thus
occurs before the strongest travel-time perturbation, which is a
measure of the horizontal flow divergence. At the latter time, the
overall structure has become similar to the magnetic field struc-
ture (see Fig. 3), which has not changed except a slight broad-
ening of the central dip. The magnetic field anisotropy (stronger
field in the west) is now reflected in a similar anisotropy in the
intensity. Repeating the significance test from the previous sec-
tion yields a difference of more than 3σ between the west and
east halves of the ring.
In the inflow, the evolution of the intensity peak shows the
opposite behavior. In the past, there is no visible peak at the cen-
ter, whereas 8 hours into the future it has grown to 1×10−3, which
is twice the magnitude of the peak at the reference time. This de-
velopment is accompanied by a qualitatively similar increase of
the magnetic field strength peak. The east-west anisotropy in the
intensity, on the other hand, is clearest in the past, whereas it has
vanished in the future.
3.3. Tests of robustness
The measured anisotropies and evolution trends are robust fea-
tures, which survived several tests (supplementary figures are
provided in Appendix A):
(i) Tracking at the equatorial Snodgrass (1984) rate (instead
of the supergranular pattern rotation rate) yielded the same re-
sults within error bars, except for a westward drift of the inten-
sity and magnetic field structures (see Fig. A.1), corresponding
to the difference in the tracking speed (60 m s−1, which is about
1.7 Mm per 8-hour timestep).
(ii) The intensity and magnetic field structures measured for
the individual temporal segments (probing different longitudes
up to ∼±15◦ from central meridian) show only small variation
(Fig. A.2), consistent with the error bars. Further toward the
limb, an additional east-west anisotropy is present. This is likely
caused by the Doppler signal of supergranular flows leaking into
intensity due to imperfections in the HMI algorithm (cf. Fig. 5
in Cohen et al. 2015). However, this cross talk is removed by
averaging over east and west of the central meridian, as we did.
We note that in the case of the magnetic field, the measured
line-of-sight field strength is expected to decrease away from
disk center if the field is vertical. However, even at 15◦ away
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Fig. 2. Temporal evolution of the inten-
sity contrast for the average supergranu-
lar outflow and inflow. Each curve is a
mean over five 8 h segments at the equa-
tor around the central meridian, averaged
over one year and cut along y = 0. The
thin lines give the 1σ level of the variabil-
ity, as computed from dividing one year of
data into eight parts.
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Fig. 3. Same as Fig. 2, but for the mag-
netic field.
from disk center this decrease would be less than 4%. As most
of the observations are located much closer to the disk center
and since the curves in Fig. A.2 show no such trend, we did not
apply any correction with respect to the field orientation.
(iii) Using randomized coordinates (instead of supergranule
positions) yielded maps without any visible structures except for
a flat noise background (Fig. A.3).
4. Discussion and conclusions
Using Planck’s law, we have ∆I/I0 ≈ 4∆T/T0, where T0 =
5777 K corresponds to HMI’s iron absorption line (6173 Å).
With ∆I/I0 = (7.8 ± 0.6) × 10−4 at the center of the outflow,
this gives ∆T ≈ 1.1 ± 0.1 K. This result is consistent with the
value ∼1 K obtained by Goldbaum et al. (2009) (no error bar
provided) and the range 0.8−2.8 K measured by Meunier et al.
(2007).
The east-west anisotropy of the intensity contrast that we de-
tect at the equator consists of two components: (i) an anisotropy
in the network that has the same spatial pattern as the al-
ready known magnetic field anisotropy (Langfellner et al. 2015a)
and (ii) an anisotropy that is distinct from the magnetic field
anisotropy, presumably of convective origin. Since the opacity
is reduced in magnetic regions and the brightness is increased,
the anisotropy of type (i) can be regarded as an independent con-
firmation of the magnetic field anisotropy, using a different ob-
servable.
The east-west anisotropies of the intensity and magnetic field
signals at the equator are most likely connected to the travelling-
wave properties of supergranulation and the superrotation of the
pattern (Gizon et al. 2003; Schou 2003). This connection re-
mains to be specified by studying the evolution of the intensity
and the magnetic field signals over longer times (several days).
The decrease of the intensity peak from the time of maxi-
mum divergence can be interpreted as the termination of the driv-
ing of the supergranular outflow. The temperature excess may
imply a pressure excess in the supergranule center that would ac-
celerate the plasma horizontally. Due to inertia, the outflow does
not stop immediately, but continues and weakens over time.
After the convective brightness excess has vanished, the
intensity contrast reflects the magnetic field distribution. The
broadening of the magnetic field dip in the outflow region and
the accumulation of magnetic field in the network beyond the
time of maximum outflow, are qualitatively consistent with the
assumption that supergranular flows advect the magnetic field
(Orozco Suárez et al. 2012).
Alternative models have been proposed that treat supergran-
ulation not as a convective phenomenon but as a pattern resulting
from the collective (non-linear) interaction of granules (Rieutord
et al. 2000; Rast 2003b) or magnetic elements (Crouch et al.
2007). For example, the model by Crouch et al. implies that
the network magnetic field builds up before the supergranular
inflows, contrary to what our measurements indicate. These al-
ternative models do not make clear predictions for the intensity
contrast, but our findings may impose additional constraints that
could be incorporated in the future.
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Appendix A: Supplementary figures
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Fig. A.1. As Fig. 2, but for a tracking rate that is slower by 60 m s−1
(see Sect. 3.3).
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Fig. A.2. Quantities as in the bottom row of Fig. 1, but for single temporal segments. Segment 3 crosses the central meridian. For clarity, the
intensity contrast and magnetic field are shown in separate panels.
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Fig. A.3. As bottom row of Fig. 1, but using randomized coordinates
instead of supergranule positions.
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